Pseudomonas putida mt-2 (ATCC 33015) carrying the TOL plasmid pWWO could adapt to growth on the aromatic amines aniline and m-and p-toluidine. In strain UCC2, a derivative adapted to rapid growth on these compounds, they were oxidatively deaminated to catechol or 4-methylcatechol, which in turn were dissimilated by a meta-cleavage pathway. The aniline/toluidine oxygenase and the meta-cleavage pathway enzymes were inducible by aromatic amines. Evidence is presented that in strain UCC2, plasmid pWWO has undergone deletion of its catabolic genes, and that it is a novel plasmid, pTDN1, which is involved in the catabolism of aniline and m-and p-toluidine. The meta-cleavage pathway genes which are carried by pTDNl were shown not to have originated in pWW0.
deamination of m-and p-toluidine to ring-cleavage substrates. TO, toluate oxygenase; DHCDH, dihydroxycyclohexadiene carboxylate dehydrogenase ; 40T, 4-oxalocrotonate tautomerase; 40D, 4-oxalocrotonate decarboxylase ; OEH, 2-0x0-4-pentenoate hydratase ; HOA, 2-0x0-4-hydroxypentenoate aldolase; other abbreviations are defined in Methods. Initial TOL substrates: R = R' = H, toluene; R = H, R' = CH3, m-xylene; R = CH3, R' = H, p-xylene.
METHODS
Bacterialstrains. P. putdia mt-2 (ATCC 33015) carrying plasmid pWWO and its derivatives were maintained on minimal agar stock plates containing a 5 mM selective carbon source. Cured strains were maintained on nutrient agar. Isolation of a strain adapted to growth on aromatic amines is described in Results. Growth on rn-xylene was tested using minimal agar plates with rn-xylene in the vapour phase (Pickup & Williams, 1982) . Batch cultures for enzyme assays consisted of 3 1 minimal medium containing 10 mwacetate as carbon source with or without aromatic inducer (5 mM) in solution or, for m-xylene, as saturated vapour in the air supply. Cells were harvested for 35 min at 4000 r.p.m. in a Sorvall RC-5B centrifuge at 4 "C, washed twice with 0.1 M-potassium phosphate buffer pH 7.5 and stored at -20 "C.
Preparation of cell extracts. Crude extracts for enzyme assay were prepared by resuspending cell pellets in 0-1 Mpotassium phosphate buffer pH 7.5 with 10% (v/v) acetone, except for assays of benzyl alcohol dehydrogenase and benzaldehyde dehydrogenase for which cell pellets were resuspended in phosphate/NaCl/MgSO, buffer (Worsey & Williams, 1975) . The extracts were sonicated for five periods of 40 s at 0 "C in a MSE Soniprep 50. After removal of cell debris at 1OOOOOg for 60 min at 4 "C the supernatant was used for assay.
Enzyme assay. The following enzymes were assayed by published procedures : benzyl alcohol dehydrogenase (BADH), benzaldehyde dehydrogenase (BZDH) (Worsey & Williams, 1975) ; catechol 2,3-dioxygenase (C230) (Sala-Trepat & Evans, 197 I); 2-hydroxymuconic semialdehyde hydrolase (HMSH) ; 2-hydroxymuconic semialdehyde dehydrogenase (HMSD) ; catechol 1,2-dioxygenase (C 120) .
One unit of activity is the amount of enzyme required to convert 1 pmol substrate min-I. Protein concentration was estimated by the Lowry method.
Xylene oxygenase (XO) and the ability to oxidize aromatic amines were measured with a Clark oxygen electrode. Fresh cells were washed twice with 0.1 M-potassium phosphate buffer pH 7 and resuspended to a constant ODbzo of 0.5. The stimulation of oxygen uptake was measured after the addition of 3 pmol substrate.
The enzyme activities given are the mean of at least three independent determinations, all of which were within 30% of the mean value.
Benzoate curing. Pseudomonas strains cured of TOL plasmids encoding the dissimilation of toluates and benzoate via a meta-cleavage pathway can still grow on benzoate by utilizing a chromosomal orrho-cleavage pathway, which in fact promotes a higher rate of growth. Due to differences in the regulation of the two pathways, only the rneta-cleavage pathway is fully expressed when both pathways are present. Therefore growth on benzoate selects for strains which have lost the meta-cleavage pathway by either plasmid loss or plasmid deletion (Bayley et al., 1977) . Benzoate-cured strains were selected by daily subculture in 5 mM-benzoate minimal medium. Percentage curing was estimated by plating suitable dilutions onto minimal agar plates containing both 5 mwmtoluate and 0.5 mM-succinate as carbon sources. Cured derivatives unable to utilize m-toluate via a meta-cleavage pathway appeared as small dark colonies.
Conjugation. Plate filter matings were done by mixing 50 p1 of donor and recipient cells on sterile filters on Lagar plates. After overnight growth, the filters were removed and the cells resuspended in 0.1 M-potassium phosphate buffer pH 7. Neat and diluted suspensions were plated onto selective media containing p-toluidine or m-toluate (each 5 mM) and 50 pg rifampicin m1-I.
Spectral anal-vsis and ammonia determination. Fresh cells induced withp-toluidine were washed twice with 0.1 Mpotassium phosphate buffer pH 7 and incubated with aniline or m-or p-toluidine (each 5 m~) . After 2 h incubation, the cells were removed by centrifugation and absorption spectra of the supernatants were recorded on a Pye Unicam SP8400 spectrophotometer. Spectra of 2-hydroxymuconic semialdehyde, 2-hydroxy-6-oxohepta-2,4-dienoate and 2-hydroxy-5-methyl-6-oxohexa-2,4-dienoate produced enzymically were used as standards. These compounds were produced by the action of heat-treated (55 "C, 10 min) cell-free extracts of m-toluate-grown P. putida mt-2(pWWO) on catechol, 3-methylcatechol and 4-methylcatechol respectively. After removal of cells, ammonia release was estimated using Nessler's reagent. Supernatant (1 ml) was added to 10 ml water and after addition of 0.5 ml Nessler's reagent (Hopkin & Williams no. 946100) and incubation for 15 min, the A J l o was read. A standard curve was prepared with ammonium sulphate. Aniline and m-and p-toluidine (each 5 mM) were used as blank controls.
Plasmid isolation. Plasmid DNA was isolated by the method of Wheatcroft & Williams (1981) . Restriction endonuclease digestion was done according to the supplier's instructions (Amersham). Plasmid bands were separated using either 0.7% horizontal agarose gels or 1% vertical gels made up in Tris/borate/EDTA buffer pH 8.3 and containing 0-5 pg ethidium bromide ml-'. Photographs were taken with a Polaroid MP4 land camera. The size of restriction endonuclease fragments was estimated with a computer program by G. C. Russell based on the Fortran programme of Schaffer & Sederoff (1981) . Restriction digests of pWW0 were used as standards.
R E S U L T S
Isolation of a derivative of P. putida mt-2(p WWO) adapted to growth on aromatic amines P. putida mt-2(pWWO), subsequently referred to as strain P a w 1, could not grow with aniline or m-or p-toluidine as sole carbon sources. However, when five flasks containing 5 mMp-toluidine minimal medium were each inoculated with approximately lo8 cells of strain P a w 1 and shaken at 30°C, poor growth was observed in one flask after several days. The strain isolated was designated UCC 1. Strain UCCl grew weakly with p-toluidine, m-toluidine and aniline as sole carbon sources, but had lost the ability to grow with the normal substrates of the TOL pathway, toluene, m-orp-xylene or m-orp-toluate. Spontaneous revertants to growth on mtoluate were detected at a frequency of but these had not regained the ability to grow on xylenes, toluene orp-toluate. Revertants capable of growth on rn-xylene were not detected at the Continual serial subculture of strain UCCl inp-toluidine liquid medium led to the isolation of a second derivative, designated strain UCC2, which showed improved growth on aniline and mand p-toluidine, but no detectable growth on o-toluidine. A strong, transient yellow colouratior, of the culture supernatant was apparent after a 24 h growth period with each of the three substrates. Generation times on aniline, p-toluidine and m-toluidine were 126, I50 and 220 min respectively. Strain UCC2 had regained the capacity to utilize m-toluate, but not m-xylene or p-toluate. Aromatic amines served as sources of both carbon and nitrogen for growth. sensitivity level.
Pathway of aromatic amine degradation by strain UCC2 Previous reports of bacterial growth on toluidine show direct oxidative deamination to methylcatechols. However, the presence of pWWO-coded enzymes in strain P a w 1 could in this case provide an alternative pathway initiated by oxidation of the methyl group by the upper pathway enzymes, followed by removal of the amine group at a later stage. To test for this possibility, the levels of the TOL upper pathway enzymes were determined in strain UCC2 and compared to those of strain P a w 1 under various inducing conditions (Table 1) . p-Toluidine was a strong inducer for BADH and BZDH in strain P a w 1 although surprisingly no induction of XO was apparent. These three enzymes have previously been reported as being under coordinate control (Worsey et al., 1978; Inouye et al., 1983) . In strain UCC2 the three activities were induced only very weakly or not at all by either m-xylene or p-toluidine. The BZDH activity observed could be attributed to a chromosomally coded enzyme rather than the pWWO-coded enzyme on the basis of substrate specificity (data not shown). The basis of this distinction involves relative activities towards m-and p-tolualdehydes (Worsey & Williams, 1975) . These results suggest that the TOL upper pathway enzymes have been lost in strain UCC2 and do not have a role in the catabolism of toluidines.
To determine the mode of ring cleavage utilized by strain UCC2 during growth onp-toluidine, the levels of three enzymes of the meta-cleavage pathway and C120 were measured in strain UCC2 under a variety of inducing conditions and compared to those in strain P a w 1 (Table 2) . Strain UCC2 had much higher constitutive levels of the three meta-cleavage pathway enzymes C230, HMSH and HMSD than did strain P a w 1, and the induction patterns of the two strains were quite distinct. In strain P a w l m-xylene was a strong inducer, stimulating activity of the three enzymes to 30-450 times the basal levels. In strain UCC2 m-xylene caused little or no induction of the three enzymes above the high constitutive levels and activities were only 4% (C230), 14% (HMSD) and 24% (HMSH) of those in strain Pawl. m-Toluate induced comparatively higher levels of the three enzymes in strain UCC2 than did m-xylene but still only 16% (C230), 31 % (HMSD) and 65% (HMSH) of those in strain P a w l . In contrast, p-toluidine was a more effective inducer in strain UCC2 than in strain P a w 1 ; activities in strain UCC2 exceeded those in strain P a w l by factors of 4 (C230), 2 (HMSD) and 4 (HMSH). In strain P a w 1 p-toluidine was comparatively less effective than rn-xylene or m-toluate as an inducer of these three enzymes, but was nevertheless a significant inducer in absolute terms. No induction of the ortho-cleavage enzyme C120 was observed in strain UCC2 during growth on or in the presence of p-toluidine. The increased levels of meta-cleavage pathway activities induced by p-toluidine in strain UCC2 and the absence of C120 activity support the conclusion that p-toluidine is metabolized via a meta-cleavage pathway.
Substrate spec@ity of C230 of strain UCC2 The relative activities of the C230 of strain UCC2 towards catechol, 3-methylcatechol and 4-methylcatechol were determined and compared to those of the C230 of strain P a w 1 encoded by the TOL plasmid pWW0 (Table 3 ). The C230 of strain UCC2 had a much higher relative activity towards 3-methylcatechol than did the C230 of strain P a w 1.
Investigation of the initial steps of toluidine metabolism by strain UCC2 Direct deamination and oxygenation of toluidine would require a toluidine oxygenase, an activity not displayed by strain P a w 1. Such an enzyme would also be expected to utilize aniline as a substrate. Data from oxygen uptake experiments with strain UCC2 (Table 4) demonstrated that growth on m-and p-toluidine and aniline does indeed induce the synthesis of a toluidineoxidizing system, which also utilizes aniline as a substrate. All three compounds were both efficient inducers and substrates for the system. It is of interest that o-toluidine was also a good substrate (about 75 % ofp-toluidine activity) but not an inducer, which may explain the failure of this isomer to serve as a growth substrate for strain UCC2.
Resting cells of strain UCC2, induced with p-toluidine, released ammonia when incubated with either aniline or m-or p-toluidine. The maximum ammonia release occurred after 24 h and corresponded to 29, 31 and 34% of the ammonia available from p-toluidine, aniline and mtoluidine respectively. The concentration of ammonia detected in the supernatant remained constant after 24 h. Resting cells of strain P a w 1, similarly induced, released a negligible amount of ammonia (< 2% of that available) after incubation with p-toluidine for 24 h.
Oxidative deamination of toluidines would result in the formation of methylcatechols. metacleavage of these compounds would result in the formation of methylated derivatives of 2-hydroxymuconic semialdehyde, which can be distinguished by their UV/visible absorption spectra. Overnight batch cultures of strain UCC2 grown on aniline, p-toluidine and m-toluidine all exhibited a striking yellow colouration characteristic of 2-hydroxymuconic semialdehyde derivatives. The supernatants of cultures of strain UCC2 incubated with aniline and m-and ptoluidine were examined spectroscopically to provide evidence for the identity of these intermediates. Fig. 2 shows spectra of the yellow compounds compared with those of authentic samples of the meta-cleavage products of catechol, 3-methylcatechol and 4-methylcatechol. The yellow compound formed during incubation with either m-or p-toluidine had an absorbance maximum at 382 nm, corresponding to that of 2-hydroxy-5-methyl-6-oxohexa-2,4-dienoate, the meta-cleavage product of 4-methylcatechol. The yellow compound formed during incubation with aniline had an absorbance maximum of 375 nm, corresponding to that of 2-hydroxymuconic semialdehyde, the meta-cleavage product of catechol.
N . C . M c C L U R E A N D W . A . V E N A B L E S
Thus we suggest that strain UCC2 utilized aniline and toluidines by oxidative deamination to catechol derivatives followed by meta-cleavage (Fig. 1) .
Investigation of the genetic status of toluidine degradation The ability of strain UCC2 to grow on toluidines, aniline and m-toluate (the Tdn+ phenotype) was unstable; when subcultured on nutrient broth, over 70% of cells of strain UCC2 were Tdnafter 400 generations. Instability was increased by subculture in benzoate medium, which produced over 99% Tdn-cells after 50 generations. The enzyme activities of toluidine oxygenase, C230, HMSD and HMSH could not be demonstrated in Tdn-cells. No reversion to Tdn+ was observed in cured strains at the In plate matings with KT2442, a restriction deficient derivative of P. putida mt-2 (Franklin et al., 198 l) , the Tdn+ phenotype was transferred from strain UCC2 at a frequency of 1 x per donor cell. The transfer frequency for the archetypal TOL plasmid pWW0 is 2-5 x transconjugants per donor cell . Tdn+ transconjugants acquired toluidine oxygenase, C230, HMSD and HMSH activities with similar expression patterns to those observed in strain UCC2 (data not shown).
The high rates of curing and conjugal transfer observed with the Tdn+ phenotype indicated that it was plasmid encoded in strain UCC2. It appeared therefore that the loss of the Tol+ phenotype and acquisition of the Tdn+ phenotype might have resulted from genetic modification of pWW0. However, electrophoresis of whole plasmid DNA from strain UCC2 unexpectedly revealed the presence of two plasmids (Fig. 3) . Both plasmids were of lower M, than pWW0. All Tdn+ transconjugant derivatives of KT2442 contained the same two plasmids. In each of nine Tdn-cured strains examined, the larger of the two plasmids remained unaltered whereas the smaller plasmid was either reduced in size or completely missing. The smaller sensitivity level. plasmid appeared therefore to be associated with the Tdn+ character and was designated pTDN 1. From one benzoate-cured derivative of strain UCC2 which had lost pTDN1 (strain UCC2-Bll), the single plasmid remaining was isolated and subjected to HindIII digestion. The fragment profile of this plasmid was indistinguishable from that of pWW0-8, a derivative of pWW0 in which the genes of the TOL plasmid have been deleted (Bayley et af., 1977) (Fig. 3,  lanes 5 and 6) .
A strain containing only pTDNl without the deleted TOL plasmid has not yet been obtained. However, HindIII digests of the mixed plasmid preparation from strain UCC2 gave useful data
on the origin of pTDN1. The four HindIII fragments which derive from pTDN1 can readily be identified by comparing the electrophoretic profile of the mixed digest with that of a pure digest of the pWWO-Mike plasmid (Fig. 3) . In some gels these fragments were additionally separable from fragments of the pW WO-8-like plasmid by their different relative fluorescence intensities, which resulted from the presence of difference molar concentrations of the two plasmids in the mixed preparations. The sizes of the four pTDN 1 HindIII fragments were -50, 13.2, 9.3 and 3.6 kb. Except for the 3.6 kb fragment, these do not correspond to the sizes of any HindIII fragments from pWW0, which was the only autonomous plasmid present in strain P a w l before its adaptation to growth on toluidines. Therefore we conclude that pTDN1 is not derived from pwwo.
DISCUSSION
We have described the adaptation to growth on aniline and m-andp-toluidine (acquisition of the Tdn+ phenotype) by P. putida mt-2 containing the TOL plasmid pWW0. Adaptation was in two stages, first producing the slow growing strain UCC1, which then adapted further to give the rapidly growing strain UCC2. Results indicate that the upper TOL pathway is not present in strain UCC2 and that aniline and m-and p-toluidine are converted directly to ammonia plus catechol and 4-methylcatechol respectively. The toluidine oxygenase of P. testosteroni also gave rise to 4-methylcatechol during growth on p-toluidine . Spectra recorded after incubation of strain UCC2 with eitherp-or m-toluidine were characteristic of the meta-cleavage product of 4-methylcatechol. Although we cannot discount the possibility that some m-toluidine may be converted to 3-methylcatechol it seems likely that 4-methylcatechol is the major product of oxidative deamination of both m-and p-toluidine in strain UCC2 (Fig. 1) . The aniline oxygenases of Alcaligenes faecalis and Pseudomonas multivorans strain AN 1 showed a similar stereospecificity during cometabolism of chloroanilines (Surotseva et al., 1980 ; Reber et al., 1979) . In these strains both rn-chloroaniline and p-chloroaniline were converted to 4-chlorocatechol. The chloroaniline-degrading hybrid strains obtained by Latorre et al. (1 984) exhibited a different stereospecificity as 3-chloroaniline was converted to 3-chlorocatechol.
There are several examples of improved degradation of toxic aromatic compounds and extension of metabolic capabilities involving genetic transfer between different bacterial species (Schwien & Schmidt, 1982; Reineke & Knackmuss, 1979) . Thus Pseudomonas sp. B13 could be adapted to growth on 4-chlorobenzoate and 3,5-dichlorobenzoate by acquisition of the broad specificity toluate oxygenase of the TOL plasmid pWWO (Reineke & Knackmuss, 1979 . The complex genetic rearrangements associated with this adaptation indicated the genetic flexibility of pWWO in Pseudomonas sp. B13. The example of adaptation described in this paper differs from the above in a number of ways. Most notably, the toluidine oxygenase of strain UCC2 represents the appearance of an enzyme activity not displayed by the parental strain, and the genes for both this enzyme and the meta-cleavage pathway reside on a novel plasmid, pTDN 1, which has appeared during the adaptation. As the restriction fragments which carry the meta-cleavage pathway genes of pWWO (which have been deleted from pWWO in strain UCC2) are not present in pTDN 1, it follows that the meta-cleavage pathway carried by pTDNl is not derived from pWWO and must represent an alternative set of isoenzymes. This conclusion is supported by our observation that the C230 enzymes of strains P a w 1 and UCC2 have very different relative activities towards catechol, 3-methylcatechol and 4-methylcatechol. The recent discovery of two non-homologous C230 genes on plasmid pWW 15 provides a similar example of enzyme duplication in the meta-cleavage pathway (Keil et al., 1985) . The C230 of pTDN1 has a similar substrate specificity to the C230II enzyme of pWWl5. Hughes et al.
(1 984) also reported the presence of isofunctional meta-cleavage pathway enzymes in Alcaligenes eutrophus strain 345 for the degradation of phenol, m-and p-toluate and p-cresol.
It appears that the acquisition of the Tdn+ phenotype by P. putida mt-2(pWWO) may have involved the excision and transition to replicative autonomy of a previously cryptic, chromosomally integrated plasmid, pTDN 1. During this process, genes which it carried for toluidine oxygenase and an alternative meta-cleavage pathway have become activated. The major part of the adaptation appears to have occurred in the first of the two adaptive stages, because strain UCCl has an identical plasmid profile to that of strain UCC2 (data not shown) and differs from strain UCC2 mainly in a poor inducibility of the meta-cleavage pathway. An implication of this explanation is that P. putida mt-2 might be capable of making the transition to Tdn+ independently of the possession of pWW0; we have not tested this possibility experimentally. The 39 kb segment of pWWO has been lost in strain UCC2, resulting in the presence of a plasmid apparently identical to pWW0-8 with the TOL degradative genes deleted. This explains the lack of TOL upper pathway enzyme activities in strain UCC2.
We are unable to say whether pTDNl is conjugative or whether it is mobilized at high frequency by the deleted TOL plasmid, as all transconjugants investigated so far contain both plasmids. Confirmation of the location of the Tdn pathway genes on pTDN1 should be provided by studies including transposon mutagenesis of the Tdn pathway, cloning of pTDN1, and hybridization studies with pWWO and P. putida mt-2 chromosomal DNA. Such studies are currently in progress in this laboratory, and early results further support the view that the Tdn phenotype is coded by pTDN1, and that the genes involved did not originate in pWW0.
